We investigated the radial variation of sap flow within sapwood below the live crown in relation to tree size in 10-, 32-, 54-and 91-year-old maritime pine stands (Pinus pinaster Ait.). Radial variations were determined with two thermal dissipation sensors; one measured sap flux in the outer 20 mm of the xylem (J ref ), whereas the other was moved radially across the sapwood in 20-mm increments to measure sap flux at multiple depths (J i ). For all tree sizes, sap flow ratios (R i = J J i ref -1 )declined with increasing sapwood depth, but the decrease was steeper in trees with large diameters. Correction factors (C) were calculated to extrapolate J ref for an estimate of whole-tree sap flux. A negative linear relationship was established between stem diameter and C, the latter ranging from 0.6 to 1.0. We found that neglecting these radial corrections in 10-, 32-, 54-and 91-year-old trees would lead to overestimation of stand transpiration by 4, 14, 26 and 47%, respectively. Therefore, it is necessary to account for the differential radial profiles of sap flow in relation to tree size when comparing tree transpiration and hydraulic properties among trees differing in size.
Introduction
Sap flow measurements are widely used in ecophysiological field studies to estimate tree transpiration and investigate physiological and environmental controls on water use (Köst-ner et al. 1992 , Swanson 1994 , Èermák et al. 1995 , Granier et al. 1996a , Granier and Bréda 1996 , Wullschleger et al. 1998 . Meinzer et al. (2001) proposed that inaccuracies in the scaling up of transpiration to whole-tree and stand levels occur because of uncertainty in the hydroactive xylem area and the radial variation in sap flux, particularly in large trees with thick sapwood (Hatton et al. 1995) . Sap flux is not uniform across the sapwood area because conducting properties vary widely during wood aging and therefore with depth in the stem (Miller et al. 1980 , Edwards and Booker 1984 , Phillips et al. 1996 , Jimenez et al. 2000 , Nadezhdina et al. 2002 . The assumption of a uniform profile of sap flux may therefore lead to a large bias when estimating whole-tree sap flow from measurements made with a single sensor in the outer part of the xylem sapwood. Most methods for measuring sap flow, including the heat pulse (Swanson 1967 , Cohen et al. 1985 , stem segment heat balance (Èermák et al. 1984 , Jimenez et al. 1996 and heat dissipation methods (Granier 1985 , Loustau et al. 1990 , 1994 , 1996 , Granier and Loustau 1994 , Meinzer et al. 2001 , sample only a small portion of the radial profile in the sapwood.
Several attempts have been made to assess radial variability in sap flow across the sapwood. One approach involved positioning several sensors at different depths in the sapwood, and applying either the stem segment heat balance method (Èermák et al. 1982, 1992) , heat pulse method (Edwards and Booker 1984 , Edwards and Warwick 1984 , Hatton et al. 1990 , Pausch et al. 2000 , Wullschleger and King 2000 or thermal dissipation method , Phillips et al. 1996 , Lu et al. 2000 , James et al. 2002 . A second approach was to assess the radial pattern of sap flow with a single sensor (Meiresonne et al. 1999 , Nadezhdina et al. 2002 . Alternatively, a single sensor can be placed successively at different depths, an approach that has been applied successfully with the heat pulse methods (Dye et al. 1991 , Zang et al. 1996 , Wullschleger and Norby 2001 . Several methods have been used to integrate the sap flow values measured at different depths over the sapwood area. Hatton et al. (1990) established a method based on an area-weighted average of sap flux with increasing depth, and further improvements were incorporated by Pausch et al. (2000) . Lu et al. (2000) proposed an integrative solution to estimate the whole-tree sap flow from outer sap flow measurements (0-20-mm depth) based on an exponential or linear relationship between sap flow and depth.
Our objectives were: (1) to determine the variation of sap flow along the stem radius of maritime pine trees (Pinus pinaster Ait.) by the thermal dissipation method; (2) to examine the size-related change in the radial profile of sap flow; (3) to develop a method for scaling sap flow from single outer measurements to the whole-tree; and (4) to quantify the errors that occur when sap flow is assumed to be uniform with sapwood depth. Our investigation was based on measurements of sap flow in a chronosequence of maritime pine stands located in southwest France. We characterized the variability in the radial profile of sap flow over a wide range of stem diameters.
Materials and methods

Stand description and sapwood measurements
Studies were carried out in four even-aged monospecific maritime pine stands located 20 km southwest of Bordeaux in the "Les Landes de Gascogne" forest in southwestern France. The climate of this region is temperate maritime with cool wet winters and warm dry summers. Mean annual temperature is 13°C and mean annual precipitation is 977 mm . The four stands were 10, 32, 54 and 91 years old and the characteristics of the trees in 2001 are shown in Table 1. Diameter 1.3 m above ground was obtained for each tree in the chronosequence from circumference measurements. Plant area index was measured with an optical system (DEMON, CSIRO, Canberra, Australia) and tree height (h) was measured with a Haglof hypsometer (Vertex type II, Forestor Instrument AB, Taby, Sweden) on a sample of 100 trees in each stand stratified according to tree basal area.
Diameter under the live crown (d LC ) was obtained from circumference measurements on 30 randomly chosen trees per stand. For these trees, we extracted one wood core from each stem, 0.5 m below the live crown, with an increment borer. We then separated the hydroactive part of the xylem (sapwood, which is more translucent) and measured the radii of heartwood and total wood. The cross-sectional sapwood area (A S,LC ) was calculated as the difference between the total wood and heartwood areas (under bark), assuming that the ratio of heartwood radius/total radius under the bark was equal in all directions.
Sap flow measurements
We used the original design of the thermal dissipation method (Granier 1985 (Granier , 1987 , i.e., a reference sensor comprising a pair of probes of 1.5 mm in diameter and 20 mm in length containing a copper-constantan (Cu-Cn) thermocouple and surrounded by a glass-coated constantan wire. The Cu-Cn thermocouples of the two probes were connected at the Cn lead, so that the voltage measured across the Cu leads represents the temperature difference (∆T ) between the probes. In addition, a new mobile sensor was designed for measuring sap flux at greater sapwood depths. This sensor was identical to the reference sensor, except that it was located at the end of a 140-mm-long needle. The thermocouple and the glass-coated constantan wire were inserted inside the needle to its tip. The probes were installed in the stem in previously inserted aluminium tubes, vertically separated at 130 mm. The upper probe was heated continuously with a constant power of 0.140 A, whereas the lower probe was unheated and measured wood temperature. Sensors were covered with an aluminum sheet to prevent exposure to rain and direct sunlight. The original equation relating the difference in temperature between probes to sap flux was applied (Granier 1985) .
Maritime pine trees do not have continuous functional xylem across the entire radius at the base of the stem. Sap flow measured by thermal dissipation is underestimated when part of the probe does not contact the conducting xylem (Clearwater et al. 1999) . Furthermore, maritime pine trees in southwestern France are characterized by large variability in sap flow in relation to azimuth at the stem base, because of the anisotropic distribution of sapwood hydraulic properties. Therefore, all sap flow measurements were performed at the base of the live crown as recommended by Loustau et al. (1998) . A cherry picker with a 20-m boom was used to install sensors just below the live crown, and subsequently, access to the probes was obtained with a ladder.
There were two sensors in each tree: the reference sensor, which was at a fixed location in the outer 20 mm of the sapwood, and the mobile sensor, which measured sap flow at different depths along the sapwood radius (Figure 1 ). The mobile sensor was placed in the stem 1 m below the reference sensor at the same azimuth. Sap flux was measured at different radial depths by moving the two probes of the mobile sensor inward simultaneously in 20-mm increments. The mobile sensor was inserted at three to four depths in the stem of 10-year-old trees (0-20, 20-40, 40-60, 60-80 mm depth) and at five to six depths in larger trees. At each depth, measurements were carried out over 48 or 72 h to allow a correct determination of the maximum temperature gradient when flow was zero. The determination of a complete radial profile lasted 14-21 days depending on tree sapwood thickness.
Radial profiles of sap flow were determined on three trees in the 10-year-old stand and two trees in each of the 32-and 1286 DELZON, SARTORE, GRANIER AND LOUSTAU TREE PHYSIOLOGY VOLUME 24, 2004 We compared radial profiles at two azimuths (east and north) in the same stem section of the largest 54-year-old tree. To avoid thermal interactions between adjacent sensors, sap flow was measured successively on each side. Data were taken every 10 s and 30-min averages were stored with a Campbell CR21X data logger and AM416 multiplexer (Campbell Scientific, Logan, UT). At the end of the experiment, wood cores were extracted from the bark to the center of each stem and sapwood, and heartwood thicknesses were measured. Local micrometeorological conditions were measured at the top of the canopy in each stand and soil volumetric water content was measured by both time domain reflectometry (TDR) and frequency domain reflectometry (FDR) techniques at four locations in each stand (for details, see Delzon et al. 2004) . Maximum values of vapor pressure deficit (D max ) and photosynthetically active radiation (PAR) were about 2652 and 2183 Pa and 1319 and 1287 µmol m -2 s -1 in September-October 2001 and October-November 2002, respectively. All measurements were carried out under conditions of non-limiting soil water availability (soil water content at 0-0.8 m > 85 kg m -2 , corresponding to a soil water deficit of 40% (Granier and Loustau 1994) ) to avoid heterogeneous water availability and differences in tree water status.
Water content and density
Relative wood water content (W c ) and wood density (D w ) were determined for 5.2-mm-diameter wood cores extracted just below the live crown from the eastern side of 10 additional trees in the 10-year-old stand, and from opposite sides (east and north) of seven additional trees in the 54-year-old stand. The cores were extracted in the morning and immediately placed in sealed plastic tubes in an ice-chest before transportation to the laboratory where all samples were stored at 4°C. Dimensions of bark, sapwood and heartwood were determined, and 20-mm-long samples were cut from each core and the lengths and diameters measured with callipers to the nearest 0.01 mm. Fresh mass (M F ) of each sample was measured to the nearest 0.01 mg. Following these measurements, the samples were immersed in distilled water for 72 h to obtain the saturated mass of the wood (M S ). Then, dry mass (M D ) was determined by drying at 80°C to constant mass. Relative water content (W c ) was calculated as:
Wood density (D w ) was obtained by dividing sample dry mass To extrapolate sap flux from the fixed reference sensor to the entire sapwood area below the live crown, we calculated a correction coefficient (C) that accounted for both the radial sap flow profile and the area of the sapwood annulus sampled at each depth. First, we calculated the sum of sap flux for both reference ( 
where i is the number of positions measured in the xylem.
Values of R i were normalized by the value of the sap flow ratio at the first depth (R 1 , 0-20 mm), giving a range of values between 0 and 1. We calculated C from the sap flow ratio multiplied by an area-weighted mean, corresponding to the crosssectional sapwood area (A i ) sampled at each sensor position, i, divided by the entire cross-conducting area (A) (Figure 1 ) as:
Results and discussion
Relationship between sapwood and tree size
The heartwood radius below the live crown increased with increasing stem diameter and ranged from 0 to 120 mm. Bark thickness varied between 4 and 20 mm and increased as stem diameter increased (data not shown). Conversely, sapwood thickness ranged from 35 to 95 mm, increasing slightly for d LC < 0.18 m (Figure 2a) . Moreover, variability in sapwood thickness increased with increasing stem diameter and showed no correlation for d LC > 0.18 m, as has been reported for Picea abies (L.) Karst. where large variability in sapwood depth was found among trees of similar diameter (Kravka et al. 1999) . Sapwood area (A S,LC ) ranged from 0.005 to 0.08 m 2 and increased as a power function of d LC , (Figure 2b ) according to:
where k and b are coefficients determined by nonlinear regression. This power relationship explained 97% of the observed variation in sapwood area. For the two younger stands, heartwood cross-sectional area was insignificant, whereas in the older stands, it ranged from 0.0015 to 0.042 m 2 , according to stem size.
Change in the radial profile of sap flow with tree size
In most cases, sap flow measured at different depths was linearly related to the flow measured at the reference location and the intercept was not significantly different from zero, as illustrated in Figure 3 . The variance explained by the linear regression (r 2 ) decreased with depth in the sapwood, similar to the relationship in mango trees (Lu et al. 2000) . In a limited number of cases, the relationship showed hysteresis, i.e., the sap flow ratio was not constant throughout the day, especially when sap flow was low in the morning and evening. To account for the time lags, we calculated the sap flow ratio as the sum of 2 or 3 days of measurements at the same depth. However, if the sap flow ratio was calculated only at a given time of day, the estimate of the correction factor may be inaccurate, e.g., when short-term measurements of radial profile were carried out by moving the sensor along the stem radius every 5 min. Nadezhdina et al. (2002) also reported that sap flow ratio changed with time and therefore errors could occur during scaling up to the whole tree when using data obtained from a single sensor in the outer sapwood, even if the radial profile corrections have been applied.
The mean radial profile of the sap flux ratio (R i ) measured on the eastern side of each tree was highly dependent on the depth in the sapwood, i.e., R i decreased with increasing sapwood depth (Figure 4 ). Sap flux was higher in the outer part of the xylem for all tree ages, and no decrease at the outermost location of the profile was observed, except for the smallest tree where sap flux was greatest at a depth of 30 mm. Sap flux has often been reported to vary across sapwood, reaching a maxi- mum at a depth of 10 to 20 mm from the cambium and decreasing toward the heartwood (Edwards and Booker 1984 , Dye et al. 1991 , Èermák and Nadezhdina 1998 , Lu et al. 2000 , Pausch et al. 2000 , James et al. 2002 , Nadezhdina et al. 2002 , or declining along the entire xylem radius , Becker 1996 , Phillips et al. 1996 , Schafer et al. 2000 , Wullschleger and King 2000 , James et al. 2002 . In this study, the probe was too long (20 mm) to detect any change in sap flow properties in the outermost sapwood. This could be examined further by reducing the probe length to 10 mm (James et al. 2002) . Radial profiles of sap flow changed with tree size (Figure 4 ). For smaller trees (10-year-old), the sap flow ratio at a depth of 20-40 mm (R 2 ) was close to the value of sap flow ratio of the outermost measurement (R 1 ), and practically the whole crosssectional area of xylem was conducting sapwood. The value of R decreased toward the center of the stem, but did not decrease to less than 60% of the value of the outermost measurement. In contrast, for large trees, R decreased dramatically with increasing sapwood depth, falling to 20% of the value of the outermost measurement at the sapwood-heartwood boundary. These results were similar to those of Phillips et al. (1996) for loblolly pine, where a 59% reduction in the daily sap flux occurred between the outer sapwood and sapwood at a depth of 20-40 mm depth. Similarly, Èermák and Nadezhdina (1998) found that the decline in sap flow with increasing depth in the sapwood was larger for large oak trees than for small oak trees. The sap flow ratio was zero in the heartwood (only in the largest tree) as observed by Èermák et al. (1992) , Èermák and Nadezhdina (1998) , James et al. (2002) and Nadezhdina et al. (2002) . We did not observe zero flow in smaller trees because the heartwood was absent or negligible and so the measuring part of the probe was never fully inside the heartwood. It is noteworthy that we could not demonstrate a relationship between the shape of the radial profile of sap flow and the number of annual rings.
Azimuth variability
Radial profiles of sap flow were measured below the live crown on two sides of the stem of the largest tree. For both the east and north azimuths, the sap flow ratio showed a similar pattern with increasing depth in the sapwood (Figure 4 shown that azimuthal variability in radial profiles of sap flow is large at the base of the stem, so several measurements around the stem are required for accurate estimates of wholetree transpiration (Miller et al. 1980 , Lu et al. 2000 , James et al. 2002 . Nevertheless, Loustau et al. (1998) found low variability of sap flow measured below the live crown with respect to azimuth, in contrast to high variability measured at the base of the stem. Therefore, our results also support the theory that variability in radial profiles of sap flow with respect to azimuth may be neglected when estimating whole-tree sap flow, provided that sap flow measurements are made below the live crown.
Correction factors
Variations in the area-weighted sap flow ratio (R i (A i /A)) with increasing depth in sapwood for all trees in each stand are shown in Figure 5 . Both the larger area of conducting sapwood and the higher sap flow rate close to the bark explain the greater contribution of the outer xylem to whole-tree sap flux. Conversely, sap flow in the innermost sapwood annuli (greater than 60 mm depth) contributed little to whole-tree sap flux, as observed by Dye et al. (1991) , Lu et al. (2000) and James et al. (2002) . The outer 20 mm annulus of sapwood accounted for 55, 42 and 53% of the total tree sap flow for the 10-, 32-and 54-year-old stands, respectively. Thus, for all tree size classes, measurement of sap flow ratio across the outer 60 mm of sapwood is sufficient to estimate more than 90% of the whole-tree transpiration.
To extrapolate whole-tree sap flux from continuous sap flow measurements at a single position (0-20-mm depth) below the live crown, C was determined for each tree on several dates (Figure 6 ). Values of C ranged from 0.6 to 1.0 for the large and small trees, respectively. To apply the correction to tree and stand sap flux estimates, we established a linear regression between C and d LC : C = -1.7643d LC + 1.1936, r 2 = 0.90. There was no significant relationship between C and sapwood thickness (data not shown). These values of C are similar to those derived by the heat pulse methodology in previous studies. Zang et al. (1996) used movable heat pulse sensors and estimated correction factors between 0.56 and 1.02 for two Eucalyptus globulus Labill. trees, but did not report tree diameter or sapwood thickness. Based on experiments by Granier et al. (1996b) , Köstner et al. (1996) used a correction factor that depended on sapwood thickness and had a mean value of 0.86. Only Wullschleger and King (2000) carried out replicates of radial profile measurements of sap flow as in this study. They estimated the fraction of sapwood functional in water transport for 20 yellow-poplar trees and obtained an index similar to our correction factor. Their values varied from 0.49 to 0.96, but they found no clear relationships with sapwood thickness or stem diameter. In yellow-poplar forest stands, stems are cleared of lateral branches up to a considerable height, and so measurements carried out at the base of the crown could have reduced the observed variation in the correction factor and revealed clearer links with tree dimensions.
We calculated the error introduced when ignoring sap flow profile pattern, i.e., assuming a uniform sap flow density along the sapwood radius as follows. We used Equation 4 to calculate a weighted sapwood area for each stand from the sum of sapwood areas corrected for C in each tree. We then estimated stand transpiration, multiplying this weighted stand sapwood area by the mean sap flux measured continuously on seven trees per stand. We did not scale using basal area distribution because we found no relationship between sap flux and tree dimensions within each stand (S. Delzon, unpublished data).
Neglecting the radial correction in the 10-, 32-, 54-and 91-year-old trees would have led to overestimation of stand transpiration by 4, 14, 26 and 47%, respectively. These overestimates were slightly larger than the values obtained by Irvine et al. (2002) (17% for a 50-year-old Pinus ponderosa Dougl. ex Laws. stand). Thus, radial variation in sap flux is an important source of error in the scaling process for trees with wide sapwood. The assumption of a constant radial profile of sap flow (Granier and Loustau 1994 , Loustau et al. 1996 , Martin et al. 1997 can introduce systematic bias into estimates of both tree and stand water use, particularly in older coniferous stands. Several replicate measurements were performed on the sample trees on different dates (n = 2-5 in 2001 and 2002) and yielded similar values of sap flow ratio (Figure 4 ) and correction factors (Figure 6 ). Therefore, even though we did not investigate the entire range of environmental conditions, we concluded that C was unaffected by meteorological changes and this method could replace the use of permanent sensors at multiple sapwood depths. Because measurements were carried out only on maritime pine, we do not know if the correction factor we determined for this species is applicable to other species; however, our method of determining a correction factor is applicable to other species.
Variation of wood properties within the stem
Profiles of wood density with xylem depth in the 10-and 54-year-old stands followed similar patterns (Figure 7a) , showing a large decrease with increasing depth in the sapwood (D w ranged between 500 and 400 kg m -3 ) and low constant values in the heartwood (decreasing from 0 to 50 mm depth for the 10-year-old stand and from 0 and 80 mm depth, but not beyond, for the 54-year-old stand). Values were close to those previously published for loblolly pine (Megraw 1985) , and the decline with radial depth was similar to that observed by Phillips et al. (1996) . The decrease in wood density may be attributed to changes in ring width during the tree's life cycle, i.e., larger rings with a lower density occur in the stem center with thinner rings in the outermost part of the sapwood. Moreover, the first 12 growth rings of maritime pine trees counting from the stem center are composed of juvenile wood that has a lower density than adult wood (Dumail and Castera 1997) .
Values of relative water content decreased with increasing xylem depth for trees in the 54-year-old stand. In the young stand, relative water content at a depth of 30 mm was higher than at 10 mm and both values were higher than W c deeper than 50 mm (Figure 7b ). For old trees, relative water content in the heartwood did not vary with depth (W c = 0.17%) and were lower than values for the sapwood (mean W c = 0.42%). Previous studies also reported a decrease in water content with sapwood depth (Waring and Running 1978, Phillips et al. 1996) . Moreover, in coniferous trees, water content is usually lower in heartwood than in sapwood and invariant with diameter class (Bamber and Fukazawa 1985, Kravka et al. 1999 ). Panshin and Zeeuw (1980) reported that relative water content was less variable in heartwood than in sapwood, and concluded that there is little water movement within the heartwood. It is noteworthy that the profiles of relative water content paralleled the radial profile of sap flow. Èermák and Nadezhdina (1998) also reported that the radial pattern of sap flow was related to xylem water content for two coniferous trees (Pinus pinea L. and Pinus sylvestris L.), but not for several other species, e.g., poplar. Nevertheless, to our knowledge, no study has yet shown a cause-and-effect relationship between the radial pattern of sap flow and relative water content (Wullschleger and King 2000) .
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com RADIAL PROFILES OF SAP FLOW 1291 Figure 6 . Relationship between the correction factor (C) and diameter measured below the live crown (d LC ) for each tree at several dates and azimuthal directions. The decline in sap flow with radial depth was greater for old (large) trees, even when the change in sapwood thickness with age was small, ranging between 50 and 90 mm. Phillips et al. (1996) and James et al. (2003) showed that the radial profile in sap flow was strongly correlated with the specific conductivity of the xylem. Previously, we found that whole-tree hydraulic conductivity decreases with increasing tree size, and this may explain the greater decline in sapflow with increasing xylem depth in large trees compared with small trees (Delzon et al. 2004) . Moreover, Wullschleger and King (2000) speculated that sap flow would decline with increasing sapwood depth, but not because of age-related effects on hydraulic conductivity. They suggested that the old xylem that conducted water to the first branches when the tree was young no longer participates in the transport process to foliage once the older branches have become shaded or died.
Conclusions
We established a simple method for scaling sap flow measurements to estimate sap flux on a sapwood cross-sectional area basis using a correction factor. The value of C (1.0-0.6) was linearly related to stem diameter (142-335 mm) and can be used to predict transpiration in maritime pine over a large range of tree sizes.
We confirmed the need to account for variations in radial profiles of sap flow and showed that ignoring the profile within the sapwood introduces bias into sap flux calculations and thus estimates of transpiration and stand water use. This bias increased with increasing stem diameter from 5% for the young stands to 47% for the oldest stand we measured. Thus, uncorrected single probe measurements cannot be used to estimate sap flux of stands comprising different stem sizes or tree ages.
We used a new sensor based on the heat dissipation technique (located at the tip of a 140-mm-long needle), which was mobile and allowed us to characterize sap flux with increasing depth in sapwood. This enabled us to determine radial profiles based on the ratios of sap flow at different depths (mobile sensor) to the flow at the outermost location (reference sensor located at a depth of 20 mm). We recommend that measurements of radial profile should be integrated over at least one day, if such data are used to scale sap flow from a single location to the whole tree.
